Supernumerary Robotic Limbs (SRLs) exhibit inherently compliant behavior due to the elasticity present at the intersection of human tissue and the robot. This compliance, can prominently influence the operation of some SRLs, depending on the application. In order to control the residual vibrations of SRLs, we have used an input-shaping method which is a computationally inexpensive approach. The effectiveness of this method in controlling the residual vibrations of a SRL has been proven using robustness analysis. User studies show that reducing the vibrations using input shaping directly increases the user satisfaction and comfort by at least 9%. It is also observed that 36% of the users preferred unshaped commands. We hypothesize that the shaped commands put a higher cognitive load on the user compared to unshaped commands. This shows that when dealing with human-robot interaction, user satisfaction becomes an equally important parameter as traditional performance criteria and should be taken into account while evaluating the success of any vibration-control method.
I. INTRODUCTION
The goal of a supernumerary robotic limb (SRL) [23] , [24] is to restore or augment human abilities in order to perform tasks that are beyond his/her normal abilities regarding power, speed, and dexterity. SRLs share a common feature, they all have an elastic interface to the human body. Elasticity in the human tissue causes the intersection of the robot and the body to act as an elastic joint. This presents some advantages, such as the possibility to use a multipurpose socket which fits a wider range of body sizes. However, an elastic joint introduces passive compliance in the system. While compliance has been effectively used to increase the safety of robots that operate in close proximity to humans [20] - [22] , it results in oscillations. These oscillations affect the quality of physical human-robot interaction. In a humanrobot interaction scenario in which the robot arm is attached to the body, these oscillations exert cyclic loads on the user's body which affect the physical comfort of the user. In addition to physical loads, the vibrations put a high cognitive load on the user because robot movements are not predictable, which in turn affects the user's satisfaction. Thus the control of vibrations in compliant robots used as SRLs is critical. In this paper, we use input shaping to control the movements of a supernumerary robotic limb. The platform used is the 3rdArm shown in Fig. 1 . This SRL is attached to the drummer's right shoulder. It moves an additional drum stick to compliment the drummer's own abilities. This platform was designed to study the concept of augmentation and shared control in human-robot interaction.
Robustness analysis and quantitative measures have been used to evaluate the performance of the control method. In addition, we performed user studies to assess the effectiveness of this control method regarding the user comfort criteria. We found that although input shaping has some advantages, such as simplicity of the algorithm, its performance cannot be evaluated solely based on robustness analysis due to the involvement of a human.
A. Literature Review
Vibration of the elastic members in machines and robotic manipulators is a classical problem which has been well studied. An example of a structure which experiences residual vibrations is the crane in which the position of the end effector (trolley) is not a good estimation of the position of the payload due to inherent swing of the hoist cable. Different methods of controlling residual vibrations of the payload in cranes have been reviewed [1] .
Traditionally robots were designed as stiff structures in order to achieve maximum position control even in presence of external disturbances [25] . This can be dangerous in scenarios which involve physical human-robot interaction (pHRI) because the amount of forces that the robot exerts on the environment cannot be controlled. This problem can be addressed by adding compliance to the robots mechanically or by control techniques. However, this added compliance results in residual vibration of the system.
A review of the problem of controlling vibrations of robotic manipulators which exhibit compliant behavior due to the presence of flexible joints and links has been presented in [2] . The goal in almost all these studies is to reduce residual vibrations, improve tracking of inputs, and decrease sensitivity to modelling errors. However, none of these studies have considered this problem from a human-robot interaction perspective. For example, [3] has studied and compared input shaping and model predictive control (MPC) as two approaches for controlling residual vibrations of a humanoid robot and has concluded that MPC has a superior performance compared to input shaping without considering the impact of using these methods on the user experience.
Comfort is a key factor in the design of wearable robots [4] - [8] . The pressure exerted on the skin by the robot is the main parameter that has been known to affect the user comfort [9] . The authors of [10] have developed a distributed soft sensor that can measure the pressure distribution in the interaction area without affecting the user comfort. Even the sound generated by the robot may be considered as a parameter that affects the user comfort [11] . Comfort has different definitions in different wearable technologies and, therefore, various measurement methods have been provided in the literature [12] , [13] . The Quebec User Evaluation of Satisfaction with Assistive Technology (QUEST) [14] is a widely used tool for measuring the subjective perception of a wearable device [4] . Another tool is Locally Experienced Discomfort (LED) [15] .
Recent advances in robotics and the arising need for augmenting the human body has led to a new category of robots called supernumerary robotic limbs (SRLs). The main difference between SRLs and exoskeletons is that SRL are kinematically independent from the human. The limb can move even when the human limb is stationary. SRLs vary in size, shape, material, and the control method. The challenges in the design of SRLs varies based on the application for which they are designed. Smaller SRLs, such as [16] , might experience fewer vibrations because they have smaller inertia and less actuator power and, therefore, designing a controller that minimizes the vibrations in these SRLs is not necessary.
The vibrations of the larger compliant robotic arms affect the user comfort in two aspects. First, it exerts loads that are cyclic in nature, which have been shown to alter the tissue in the interface area [17] . Second, it puts a high cognitive load on the user because the user's concentration is moved from the task at hand, to predicting and correcting the position or trajectory of the robot.
Human-robot interaction in musical scenarios have been studied previously at the Georgia Tech Center for Music Technology (GTCMT) using different robot platforms such as Shimon [18] . In order to study how augmenting the human body can affect his performance, the 3rdArm platform was developed which is a SRL attached to the user's shoulder. It helps a drummer perform complicated rhythms, as well as improvise based on his performance.
The problem of residual vibrations was clearly observable in our experiments with the 3rdArm in which the user paused frequently while playing, looked at the arm and tried to understand its behavior and predict its trajectory and final position in order to make appropriate movements. Therefore, the user often failed to follow the rhythm properly. To address this problem, We have studied these vibrations and used input shaping to control them. In contrary to previous studies, which have not considered user experience in evaluating the performance of vibration-control algorithms, we used a modified and simplified version of QUEST to assess the performance of designed input shaper.
In the next sections, we first describe the 3rdArm platform. Then, we discuss the design and implementation of the input shaper that is used to minimize the residual vibrations of the 3rdArm. Next, we describe the user studies that have been performed to evaluate the performance of the controller regarding comfort criteria. Conclusions are provided at the end.
II. THE 3RDARM PLATFORM

A. Physical Description
The 3rdArm platform is a 4 DOF robotic arm with the capability of attaching to the human body. Fig. 1 shows this platform attached to a user's body. The shoulder attachment socket is made up of a layer of ABS plastic and a layer of soft foam to provide comfort and allow attachment to a wider range of body sizes. Starting from the shoulder mount, the first degree of freedom (DOF) -the shoulder joint -rotates the 3rdArm around the body (horizontal abduction/adduction). The first link connects the shoulder joint to the elbow joint. This joint is the second DOF and performs a function similar to human elbow (flexion/extension). Next is the third DOF which performs rotation of the wrist (supination/pronation). From there, link 2 connects to a fourth DOF which is for moving the drumstick and is solely used for hitting the drum surface. Dynamixel MX-64 servomotors 1 are used as actuators. The commands are generated based on musical data in Max/MSP 2 software and sent to the motors using an Arduino Mega2560 3 board through serial communication.
B. Dynamics Modeling
The movements of the second and third DOF do not result in considerable residual vibrations because the effective mass of the system is lower in these cases compared to movements involving the first DOF (shoulder joint). Therefore, for simplicity, we only model the movements of the shoulder joint. We also assume that the second motor is positioned in such a way that link 1 and link 2 are collinear, as in Fig. 1 . This is the worst-case scenario in which maximum residual vibration occurs. The arm is moved with maximum actuator effort in order to rotate a distance of θ in minimum time t. This requirement comes from the fact that the robot has to react to the positioning commands as fast as possible or otherwise it cannot play music properly. After the arm is stopped at the end of its travel distance, it continues to vibrate due to the elasticity present in the attachment to the body. When dealing with a complicated system, like the robot arm we are trying to control, it is easier to derive the system model using experimental approaches rather than analytical or numerical methods. This is due to many unknown parameters such as the elastic constants and damping ratios of the human tissue, the shoulder mount material, and the robot material. Geometry of the robot also adds to the complexity. To be able to derive a physical model of the arm, its vibrations should be recorded and model parameters should be extracted based on the actual response. To achieve this, a 9 DOF inertial measurement unit (IMU) was mounted at the end of link 2. The arm was given an initial displacement and then released to vibrate freely. The angular position of the arm was recorded.
By looking at the vibration characteristics of the system due to an initial displacement, which is shown in Fig. 2 with black solid line, we can see that it is closely matching the response of a simple harmonic oscillator with elastic constant of K T and damping coefficient of ζ.
The equation of motion of this system is described as:
where:
• ζ is the damping ratio • ω n is the natural frequency rad/s • u(t) is the input signal rad Similar behavior can be observed from the response of the system to a ramp position input. This is shown as the black solid line in Fig. 3 . The damping ratio and natural frequency are calculated using logarithmic decrement. To make sure the calculated parameters are a good approximation of the actual values, both the free and forced responses were recorded five times. The parameters were calculated from all graphs and the average values were found. Results are summarized in Table I . In both cases, the damped and natural frequencies are close because the system experiences a small amount of damping. Also, the oscillation frequencies in the forced vibrations case are greater due to the inner PID feedback controller, which controls the position of the motor, and which comprises only a proportional parameter. The appropriateness of the model is demonstrated by considering the relative similarity of the simulated responses to the experimental responses that are shown in Fig. 2 and Fig. 3 with red dashed lines.
III. INPUT SHAPER DESIGN
An input shaper is a sequence of impulses which is convolved with any desired command to create a shaped input that is fed to the system. This will limit residual vibrations. A zero vibration derivative (ZVD) input shaper was selected as the input shaper because it is robust to disturbances and modelling errors, and also is easy to implement. The ZVD shaper was designed based on the calculated system parameters: ω n = 9.62 rad/s and ζ = 0.1. 
A. ZVD shaper parameter estimation
Referring to [19] , a ZVD shaper consists of three impulses, whose amplitudes and application times are:
. Thus, substituting numerical values in (2), the shaper is expressed by: When convolving this shaper with the original input command consisting of a ramp input of 1.45 rad (solid black line in Fig. 4) , the result is the shaped input command shown in Fig. 4 with red dashed line.
The simulated system response to the unshaped and shaped commands is shown in Fig. 5 with solid black line and red dashed line respectively. It can be noticed that the ZVD input shaper is capable of completely cancelling the residual vibrations. However, the price to be paid here is a time delay of 0.65 s. To obtain the actual response of the system to the shaped commands, a micro-controller was used to divide the original ramp motion profile to five segments, each having a starting and an ending position and a specified speed. This is illustrated in Table II . In this case, which is illustrated in Fig. 6 , the ZVD input shaper was capable of reducing the maximum overshoot to 0.82%, thus significantly minimizing residual vibrations. Here also, there is a time penalty of 0.6s. This should be accounted for when designing the trajectory of the robot arm while it is playing music.
B. Robustness Analysis
Robustness of the input shaper is an important criterion to ensure that the shaper works properly for a wide range of conditions. Two special cases were investigated; first the designed input shaper was tested on different subjects. Every subject had a different arm circumference and a different tissue elasticity. The response of the system for these subjects is shown in Fig. 7 . Then, the designed input shaper was used to move the robot arm to a different final desired position (an angular distance of 1 rad) for a single user. The system response is shown in Fig. 8 . The data shown in Fig. 7 and Fig. 8 , demonstrates that the designed input shaper is robust and can be reliably used under different conditions.
IV. USER SURVEY
After achieving a successful controller design, we studied the system perfromance on a sample of 14 subjects which were selected through email advertisements and snowball sampling. The study was approved by Georgia Institute of Technology's Institutional Review Board (IRB). Amongst the participants, 57.1% were male, 64.2% were between 23-29 years old, 85.7% played at least one musical instrument and 57.1% were music technology students. Studies were performed on each participant individually after they completed the consent form and demographics questionnaire.
The circumference and length of the bicep were measured and noted on the questionnaire which were used to observe if there is any correlation between the socket size and the perceived comfort of the 3rdArm movements. Then participants were introduced to the robotic arm. The arm was placed on the participants' shoulder after they confirmed the understanding of the overall process. Three different scenarios were studied. In the first scenario, the arm was kept stationary and the level of comfort with the socket itself was studied. In the second scenario, the 3rdArm was moved using unshaped commands and in the third scenario, shaped command was used. In all the scenarios, the user was sitting stationary on a chair in a comfortable position and observed the movement of the robotic arm. A simplified version of the QUEST test was administered in the form of an interview to obtain the perceived comfort of using the robotic arm. The original version of this test has 12 satisfaction items which are rated from 1 to 5. Four of these items are related to customer service of the assistive devices which are not considered in our study. From the remaining 8 items, questions related to weight, dimensions and comfort were relevant to our study and were included in the questionnaire. Fig. 9 shows the average level of comfort of the users in three different scenarios based on their arm circumference. The users with arm circumference of 10-11 inches expressed highest comfort. This is due to the fact that the size of the user's arm matched the socket size used for the shoulder attachment. It is also observed that regardless of the arm circumference, the comfort achieved from the shaped command is always higher. Fig. 10 shows the percentage of the users who recommended the movement due to a shape command vs. an unshaped command. It is observed that approximately 36% of the users recommended the unshaped commands despite the lower comfort level attributed to this type of movement. This can be related to the fact that different users consider various physical and mental criteria for scoring the level of comfort. Users which used physical criteria for judgment mentioned the keywords such as 'less force', 'less recoil' and, 'smoother' in their comments and thus, voted the movement using shaped commands to be more comfortable. On the contrary, users who use the mental parameters in their decision, use keywords such as 'weird' in their comments about the shaped movements and preferred the movements using unshaped commands (It should be noted that the arm has several accelerations, decelerations and stops during its movement generated by a shaped command). This shows that in evaluating the performance of a controller which is used in scenarios involving human-robot interaction, it is important to consider user satisfaction and comfort in addition to commonly used criteria such as input tracking ability and robustness.
V. CONCLUSIONS
Experiments with the 3rdArm platform shows that different criteria should be taken into account while designing supernumerary robotic limbs compared to exoskeleton designs or other robotic manipulators. Depending on the application, residual vibrations might be a concern in low impedance robotic limbs including the SRLs. We have shown that the conventional methods for suppressing the residual vibrations in the structures such as cranes and robotic manipulators can be applied to SRLs, effectively the vibrations in them. However, these methods might not increase the user satisfaction and comfort. Therefore, for better judgment about the performance of these methods, user studies have to be taken into account. Future work may include comparing other methods of vibration control such as model predictive control in addition to input shaping to find out the best control strategy based on the level of comfort of the users with these methods.
